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TABLE III 

Free Fatty Acid Composition in Vegetable Oils as Determined by the New Procedure 
(mean• n=6)  

Composition of free fatty acids (%) 
Safflower Soybean Corn Cottonseed 
seed oil oil oil oil 

16:0 8.6• 17.8• 12.8• 25.2+0.19 
18:0 4.5 • 0~  18.5+0.51 3.7+0.19 3.4• 
1 8 : 1  12,6• 43.0• 25.1 • 18.6• 
18:2 72.2 • 0.50 20.6 + 1,43 .56.7 • 0.35 52.9 • 0.21 

Wt % (X 10 ,,r 
1 6 . 0  23.9• 16o6• 36.8+1.60 365.5+4.00 
18:0 12.6• 17.3• 10.8+0.80 49.7• 
1 8 : 1  35.3• 40.2• 72.3• 270.6+4.10 
18:2 201.9 • 15.90 19.2 • 1.07 163.4 • 6.00 769.3 • 12.00 

Total 279.3 • 20.50 93,5 • 3.45 288.0 • 10.9 1455.1 • 20.20 

It is best to prepare the sample and do the chromatographic 
analysis in the same day. This prevents analysis of any 
glyceride fatty acids that may be made from traces of 
glyceride left on the walls or at the interface. 

This new procedure for the determination of free fatty 
acids in vegetable oils overcomes difficulties presented by 
other procedures in the literature. The new procedure is 
rapid, simple, highly sensitive and gives quantitative results 
for the individual fatty acids as well as a measure of the 
total amount of free fatty acid. Furthermore, the partition- 
ing of the free fatty acids from the vegetable oil allows 
repeated injections into a gas chromatograph without 
destruction of the column by glyceride contamination. This 
new procedure should be useful in determining the free 
fatty acid content in commercial in-process oils and in 
oilseeds. 
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ABSTRACT 

The various compounds produced by irradiation in ethyl palmitate 
have been determined by direct mass spectrometry and gas chroma- 
tography mass spectrometry. Postulated mechanisms for their for- 
mation have been confirmed by a comparison of product yields, 
and a material balance is shown between the G-values for products 
and their putative precursors. The total product yield is seen to be 
nearly equal to the amount of radiation absorbed. Three new radio- 
lysis products, viz. ethyl a-ethylpalmitate, ethyl hexadecen-2-oate 
and butyl palmitate are reported. 

INTRODUCTION 

The various compounds formed in meats (1-12), triglycer- 
ides (2,4,5,9,12-21), fatty acids and fatty acid esters (4,9, 
12,16-18, 20-25) have been well characterized by qualita- 
tive analysis employing mainly mass spectrometry (MS). 
Quantitative methods have also been devised (1,3,9,12,26- 
29) allowing determination of the relative amounts of these 
components, and the reaction pathways have been adduced 
or proposed (16,17,19,30). 

1Visiting Scientist, Department of Food Science & Nutrition, Uni- 
versity of Massachusetts, Amherst, MA 01003. 

Since a variety of compounds are formed in varying 
amounts, it has seemed desirable to establish a means of 
measuring the favored reactions and establish a material 
balance for the distribution of energy absorbed in the radia- 
tion process. Accordingly, a scheme has been devised to 
measure the yield of all the possible radiation products 
formed in a single substance and, if possible, account for 
their distribution. For reasons described in detail below, 
ethyl palmitate was chosen as the test substance. The results 
are presented in this manuscript. 

EXPERIMENTAL 

Practical grade ethyl palmitate was obtained from Eastman 
Kodak Co., Inc., (Rochester, NY) and purified by spinning 
band distillation to remove trace amounts of esters of other 
fatty acids and other high boiling impurities. The purity 
was checked by gas chromatography (GC) under the same 
conditions used for subsequent analysis. Complete removal 
of compounds having boiling points close to that of ethyl 
palmitate was not achieved, but  the impurities remaining 
were found not to interfere in the analysis (see Figs. 1 and 
2). Volatile impurities were removed from ethyl palmitate 
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FIG. 1. Gas chromatogram showing separation of radiolysis products of ethyl palmitate at 
25 Mrad and 30 C. Column: 0.32 mm X 60 m FSOTBP; left side OV-7, right side DB-1. 
Helium carrier gas, 2 mL/min. Temperature, 100 C to 320 C @ 4 C/rain. Inset: Separation of  
certain components on DB-1. Hydrocarbons indicated as Cn, ethyl esters as Cn ester where n 
is the carbon number of the fatty acid. Other compounds indicated by functional group 
where R -- Cts. S = internal standard, * denotes an impurity in the ethyl palmitate used. 
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FIG. 2. Gas chromatogram showing separation of  radiolysis products of ethyl palmirate at 
25 Mrad and -45 C. Column: 0.32 mm X 60 m FSOTBP; left side OV-7, right side DN-1. 
Helium carrier gas, 2 mL/min.  Temperature, 100 C to 320 C @ 4 C/min. Hydrocarbons indi- 
cated as Cn, ethyl esters as Cn ester where n is the carbon number of  the fatty acid. Other 
compounds indicated by functional group where R = C:s. S ~ internal standard, * denotes 
an impurity in the ethyl palmitate used. 

prior to irradiation by evacuation at 10 -3 Torr in the irra- 
diation tube fitted with break seals before sealing (3,26). 
Irradiation was carried out in a Co 6~ source to provide a 
dose of 25 Mrads. Two conditions of temperature were 
chosen to provide for irradiation of the ethyl palmitate in 
the liquid state (30 C) and in the solid state (-45 C). The 
relatively high dose was employed to ensure the formation 
of low level components in sufficient amounts for accurate 
measurements. 

Determination of the volatile compounds produced was 
accomplished by direct mass spectrometry on a CEC Model 
21-103 mass spectrometer by well established methods 
(1,3,26-29,31) of headspace and total condensate analysis. 

The higher molecular weight components were deter- 
mined by gas chromatographic separation and analysis by 
injection of the ethyl palmitate dissolved in CHC13 (1:1, 
v/v). Since not all of the com.'~onents could be determined 
on a single column, the GC analyses were performed on 
three columns. Most of the compounds were separateci and 
determined by measurement of integrated peak areas on a 
0.32 m m •  60 m fused silica open tubular bonded DB-1 
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phase (FSOTBP/DB-1) column. The column was especially 
efficacious for the separation of the several adduct com- 
pounds that were found not to be completely separated on 
packed columns. Corresponding determinations of most of 
the compounds were also made, however, on two other col- 
umns since three key compounds, viz. palmitic acid, palmi- 
tyl aldehyde, and the a-ethyl adduct compound, could not 
be determined on the FSOTBP/DB-1 column. Palmitic acid 
was determined on a 1/8 in. x 6 ft column coated with 
10% FFAP (Terphthalate-Carbowax 20M) on 80-100 mesh 
Chromasorb W, and palmityl aldehyde and ethyl a-ethyl- 
palmitate were determined uniquely together with dupli- 
cate determinations of several other components (see Table 
I), on a FSOTBP/OV-7 column. Hexadecane, octadecane 
and hexacosane were used as internal standards in all of the 
determinations. Response factors were measured for all of 
the components for which authentic standards were available 
(i.e., except the adduct compounds) and all were found to 
be of nearly equal magnitude. In subsequent calculations, 
all response factors were assumed to be equal and all deter- 
minations are based on relative peak areas measured by a 



RADIOLYSIS PRODUCTS IN ETHYL PALM1TATE 

1511 

TABLE I 

G-Values a Determined for Radiolysis Products from Ethyl Palmitate 

Compound Irradiation @ 30 C Irradiation @ -45 C 

Compounds determined by direct mass spectrometric analysis of headspace or condensate at -196 C 

tlydrogen 2.17 2.14 
Carbon monoxide O. 10 0.02 
Methane 0.07 0.02 
Carbon dioxide O. 18 O. 16 
Ethene 0.09 0.02 
Ethane 0.70 0.90 
Propene 0.01 0.01 
Propane 0.26 0.08 
Butane 0.04 0.04 
Ketene 0.01 - 
Ethanol 0.25 O. 22 
Ethyl formate 0.05 - 
Ethyl acetate 0.02 0.01 

Compounds determined by GC 
column column 

DB-1 OV-7 FFAP DB-1 OV-7 FFAP 

bTetradeeene 0.07 0.08 0.08 t - t 
bTetradecane 0.01 t t t 
bpentadecane 0.38 0.28 0.28 - 
bHeptadecane 0.04 0.04 0.03 0.10 0.10 O. 14 
bHexadecanai - 0.04 0.04 - 0.20 0.18 
CEthyl c~-ethylp aimitate - 0.07 - - 0.19 - 
CButyl p aim 1rate 0 0 - O. 10 0.10 - 
dOctacosane t - - - t - - 
dTriacontane t - - t - - 
~Ethyl ~-tetradecvlp aimitate 0.02 0.05 - 0 0 - 

Dipentadecyl ketone 0.01 0.03 - 0.01 0.03 - 
CEthyl ~-p entadecylpaimitate 0.01 0.03 - t t - 
CEthyl palmitate a,c~' dehydrodimer 0.60 - 0.60 - 
bpalmitic acid - - 0.9 - - 1.0 
CEthy I ~,3 hexadecenoate O. 10 - - 

aSymbols as follows: t: <0.01, 0: not found, dash: indeterminate, blemk: not measured. 
bConfirmed by retention time and mass spectrum of authentic compound. 
CConfirmed by interpretation of mass spectrum. 
dlndicated by retention time of authentic compound. 

digital integrator.  All G-values excep t  for  the volatiles and 
palmitic acid were compu ted  f rom the capillary co lumn 
data. All de terminat ions  were made on dupl icate  samples of 
irradiated ethyl  palmita te  for each tempera ture  condi t ion.  
All data given in Table I represent,  therefore ,  averages of  
two determinat ions .  Typical  fused silica co lumn chroma- 
tograms are shown in Figures 1 and 2. Operat ional  para- 
meters  are given in the legends. 

The ident i ty  o f  all the  radiolyt ic  compounds  was con- 
f i rmed by re ten t ion  t ime of  corresponding authent ic  com- 
pounds and /or  mass spec t rometr ic  ident i f icat ion of  the elu- 
ting componen t s  on a GC-MS system. A Perkin-Elmer  
Model  3920 gas chromatograph  coupled by means of  a je t  
separator  to a CEC/DuPon t  Model  21-491 mass spectro- 
mete r  was used to ident i fy  eluates f rom the F F A P  column.  
Chromatograms were acquired f rom the GC-MS system by 
means of  a dual ou tpu t  that  provided bo th  a f lame ioniza- 
t ion response (from an eff luent  carrier gas split ter) and a 
mass spec t rometer  total  ion current  response (ion beam 
moni tor) .  

Mass spectral data  were acquired by means of  a combined  
c o m p u t e r  data  system employ ing  Hewlet t-Packard Model  
No. 2116B and Digital E q u i p m e n t  Corpora t ion  Model  No. 
PDP 15/76 computers .  Recons t ruc ted  total  ionizat ion 
chromatograms  corresponding to the analog chromatograms  
were generated and the componen t s  ident i f ied f rom spectra 
selected from appropriate  mass spec t rum scan numbers  
corresponding to  the  selected chromatographic  peak. Where 

possible, ident i f icat ion was conf i rmed by comparison with 
the spectra o f  authent ic  compounds  (Table I). 

Componen t s  separated on the FSOTBP/DB-1 co lumn 
were ident i f ied by means of  a Finnigan Model  OWA GC-MS 
system. Al iquots  of  the irradiated ethyl  pa lmi ta te  samples 
were run on the same columns as used in the GC determi-  
nat ions with f lame ionizat ion de tec t ion  (FID)  and chroma- 
tograms were compared  to establish the equivalent  behavior  
o f  the two  systems. 

Three new radiolysis products  were identif ied in this 
study. An e thyl  ~-e thylpalmi ta te  analogous to the  s-tetra-  
decyl  and ~-pentadecyl  adducts previously repor ted  (31) 
was found  to elute on FSOTBP/OV-7  be tween  ethyl  pal- 
mi ta te  and ethyl  stearate (see Figs. 1 and 2). The  corres- 
ponding  mass spec t rum (Fig. 3) was found to exhibi t  a 
molecular  ion at m/e  312 and McLaffer ty  ions at 116 and 
284. The c o m p o u n d  was no t  observed previously because it  
coelutes  on FSOTBP/DB-1 with e thyl  heptadecanoate ,  an 
impur i ty  in the ethyl  palmitate.  Its presence was conf i rmed,  
however,  by compu te r  deconvolu t ion  of  the peak on 
FSOTBP/DB-1 by plot t ing selected ion chromatograms.  

Ethyl  hexadecen-2-oate  was identif ied as a leading shoul- 
der on the e thyl  palmita te  peak eluting f rom FSOTBP/DB-1.  
F r o m  GC-MS data, computer -genera ted  selected ion chro- 
matograms using mass peaks a t t r ibutable  to  the unsaturated 
c o m p o u n d  and e thyl  palmita te  showed the c o m p o u n d  to be 
a nearly comple te ly  separated component .  Specific mass 
peaks for the c o m p o u n d  used in the  ident i f icat ion were m / e  
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FIG. 3. Mass spectrum corresponding to gas chromatographic peak in Figures 1 and 2 identi- 
fied as ethyl a-ethylpalmitate. 

282 (M+), m/e 236 (M-C2HsOH), and m/e 127 (M-CnH23; 
5,6 cleavage). The mass peaks observed corresponded to 
similar peaks found in the spectra of other (x,13 unsaturated 
fatty acid esters reported in the literature (30,32). The selec- 
ted ion chromatograms showed the presence of peaks due 
to the unsaturated ester over a range of scan numbers pre- 
ceding the appearance of the molecular ion peak for ethyl 
palmitate, m/e 284. The respective molecular ions, i.e., 
m/e 282 and 284, were found to overlap by only 5 scans 
(i.e., 5 sec elution time). Accordingly, the amount of ethyl 
hexadecen-2-oate was determined by integration of its cor- 
responding peak area on the deconvoluted chromatogram. 

An additional recombination product of a type not pre- 
viously reported, viz. butyl palmitate, was discovered to be 
formed in the radiolysis of ethyl palmitate at -45 C. Its 
elution position is shown in the chromatogram in Figure 2 
and the corresponding mass spectrum is shown in Figure 4. 
The spectrum agrees in all structural aspects with the cor- 
responding spectrum of its homolog, butyl stearate, which 
has been given in the literature (33). A deuterated homolog 
having significant ions in its spectrum at 118, 241 and 259 
was observed for a GC eluate having the same retention 
time among the separated components of  ethyl a,(~'-dideu- 
teropalmitate irradiated at -45 C ( 31). 

RESULTS AND DISCUSSION 

Ethyl palmitate was found to be an ideal system for the elu- 
cidation of  the various radiolytic reaction mechanisms and 
the resulting products. As an ester it behaves in almost 
every respect as a triglyceride. Since it is normally a liquid, 
the quantitative relationships may differ slighly in some 
respects from solid triglycerides or esters (21). For compar- 
ison, data were also acquired in th iss tudy for ethyl palmi- 
tate in the frozen state. 

From an analytical viewpoint, since the higher molecu- 
lar weight products have sufficient volatility to separate on 
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a gas chromatograph, all but the very volatile radiolysis 
products may be determined by GC. The products, more- 
over, may be unequivocally identified by mass spectrometry. 

The various reaction pathways and the resulting products 
are depicted in Figure 5. Two principal pathways are seen 
to produce the radiolysis products. In one, electron attach- 
ment results in a radical anion which upon dissociation 
gives the fatty acid anion and, ultimately, the free acid plus 
the ethyl free radical. An alternative dissociation of the 
radical anion may yield pentadecyl free radical and ethyl 
formate (vide infra). The other pathway involves the ex- 
cited state ester molecule, arising-directly from irradiation 
or by electron capture by a positive ion species (34). The 
excited state molecule may dissociate in a number of ways. 
Cleavage at the acyl position leads to ethanol and the acyl 
radical, which in turn dissociates to the pentadecyl free 
radical and carbon monoxide. Alternatively, cleavage at the 
acyloxy position leads to the acyloxy free radical which 
subsequently dissociates to carbon dioxide and the penta- 
decyl radical. 

The fate of the various free radicals thus formed may be 
discerned from the G-values of the resulting products. 
Recombination and disproportionation of the alkyl radicals 
appear to be minor reactions, since only a slight amount of 
butane and a trace of triacontane are found, and no penta- 
decene and only a small amount of ethene are found. It 
thus appears that the main reaction of the alkyl free radicals 
is to abstract hydrogen from the parent molecule, ethyl 
palmitate, to yield the corresponding hydrocarbons and the 
ethyl palmitate free radical with an odd electron site a to 
the carboxyl. In a similar way, the acyl free radical abstracts 
to give an aldehyde and the ethyl palmitate free radical. 
The postulated mechanism is confirmed by electron spin 
resonance (ESR) measurements (35) in which the predom- 
inant free radical observed in the system is that of the so- 
called ethyl palmitate alpha abstraction radical. This arises 
not only by abstraction of hydrogen by alkyl and alkoxy 
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FIG. 4. Mass spectrum corresponding to gas chromatographic peak in Figure 2 identified as 
butyl butyrate. 
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FIG. 5. Pathways for formation of radiolysis products in ethyl palmitate. G-values are given in Table I. (Formation of Ct4H29CHOOC2 H s via 
deprotonation of a positive radical ion is not shown.) 
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free radicals, but  by dissociation of hydrogen from the ex- 
cited state molecule itself: 

C t s H 3 x C O O C 2 H s - ~ C z 4 H 2 9 C H C O O C 2 H s  + H- 11] 
C l s H 3 1 C O O C  3 H s + H.--~C14H39CHCOOC 2 H s + H 2 [ 2 ]  

or by  deprotonat ion of an ethyl palmitate positive radical 
i o n .  

_A / - -  + +H + 

C15H3zCOOC2H s ~ [ClsH3~COOC2Hs] �9 __~ 

C14H29CHCOOC2 H s [3] 

The fate of  the ethyl palmitate free radical is seen to be 
involved primarily in recombination reactions. Two types 
of products predominate.  A dimer is formed, and other 
products result from the recombination of ethyl palmitate 
free radical with the various alkyl radicals yielding an ethyl 
~-alkyl branched palmitate. Identification of the dimer, an 
ethyl cz-tetradeeylpalmitate and the ethyl a-pentadecylpal-  
mitate have been previously reported (31). Identification of 
ethyl c~-ethylpalmitate is reported in this study. 

The formation of analog adduct compounds has been 
observed in studies of radiolysis products from tr ibutyrin 
and tripalmitin (20). In these cases t r ibutyrin and tripal- 
mitin dimers and an adduct of the triglyceride and the cor- 
responding propanedioldiester  have been identified. 

Evidence for the disproport ionat ion reaction 

C14H29CHCOOC2 Hs--~CIsH31COOC 2 H s + 
C]3H27CH=CHCOOC 2 H s [4] 

is also seen by  the occurrence of ethyl hexadecen-2-oate. 
Another  recombination product,  butylpalmitate,  was ob- 

tained in good yield (G = 0.10) at -45 C, but  was not  found 
as a radjolysis product  at 30 C. A mechanism may be postu- 
lated in which primary free radicals formed in the cold and 
immobilized in the solid matrix are terminated by recombi- 
nation of closely neighboring free radicals (ester groups are 
associated in the solid state). 

0 
i] 

R--C--O-C~ H 4 " +H" O 
RCOOC2 H 5 II [ 5 ] 

�9 C2H s + "O--C--R 

The extent  to which reaction occurs by the different 
pathways is seen by consideration of the G-values for the 
products. G-values for all the compounds determined are 
given in Table I. The amount  of the precursor free radical 
for the several products formed at 30 C and -45 C may be 
estimated from the various stoichiometries as seen below 
(see Figure 5 for the corresponding reaction pathways). 

For  ethyl radical: 

G(C2Hs. ) = G(CtsH3tCOOH) + G(CO 2) 
0.9 + 0.18 = 1.08 (30 C) 

= 1.o + o.16 = 1.16 (-45 C) 

For  pentadecyl radical: 

G(CisH3],) = G(CO) + G(CO 2) 
= G(C 2 HsOH)-[G(C~sH31CHO) + G(CtsH3aCOClsH3t ] 

+ G(CO 2 ) 
= 0.25 I0.04+0.03] + 0.18=0.36(30C) 
= 0.22 I0.20 + 0.02] + 0.16 = 0.16 (-45C) 

(A reliable G-value for CO was not obtained.) 
The total  amount  of ethyl free radical precursor is com- 

puted from the contributions resulting from the format ion 
of palmitic acid by electron at tachment  and from the car- 
bon dioxide produced by dissociation of the palmityloxy 
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free radical. Likewise, the amount of pentadecyl free 
radical is estimated from the dissociation of the acyloxy 
and acyl free radicals. Since a reliable determination of  the 
amount  of carbon monoxide could not  be obtained, the 
contr ibution from acyl radical dissociation was deduced 
from the difference in G-values for ethanol and the com- 
bined G-values of palmitaldehyde and palmitone. 

In the -45 C sample the difference between ethanol and 
palmitaldehyde/palmitone showed no contribution to the 
pentadecyl radical from acyl radical dissociation. This is 
consistent with previous observations (21 ) tha t  termination 
of  the acyl radical to form the aldehyde is a preferred path- 
way at low temperature.  

The G-values for the several compounds postulated to be 
derived from the ethyl and pentadecyl free radicals are 
summarized in the piecharts shown in Figure 6. Although 
the amount  of palmitic acid for purposes of calculation is 
taken to be derived from the ethyl  palmitate radical anion 
formed from electron attachment,  some may actually be 
produced by  abstractions of hydrogen by the palmityloxy 
free radical. The G-value for the corresponding ethyl radical, 
however, is not  affected by  the assumption, since whatever 
the proport ion derived by either mechanism, ethyl free 
radical is given by the sum of  the G-values for palmitic acid 
and carbon dioxide. Excellent agreement is seen for the 
compounds derived from the ethyl  radical. 

In the case of the liquid sample, compounds derived 
from pentadecyl radical show a good but  lesser agreement 
than the ethyl radical derived compounds. This is a some- 
what unexpected result since the accuracy of  the G-values 
for compounds determined by gas chromatography (i.e., 
pentadecane, palmitaldehyde,  palmitone, etc.) must  be re- 
garded as higher than that for the volatile compounds deter- 
mined by direct mass spectrometry (i.e., ~ 5%). In both 
cases, however, i.e., irradiation at 30 C and -45 C, the amount  
of product  exceeds the estimated G-value for ClsH31" 
derived from either acyl or acyloxy dissociation. The 
amount of pentadecane and other trace products deter- 
mined for the case of irradiation at 30 C shows a reasonable 
agreement with the amount  of  pentadecyl radical precursor. 
However, the amount  of pentadecyl derived components  in 
the case of  ethyl palmitate irradiated at -45 C is much greater 

30"C 45'C 

C2H5 ADD. C2H 4 C H 
c,7.3s s.Ta% ..3s~. c4.1o 61~  8 C]Hs AOO. 

3.3% 2,8% " 3.23% 

C2H4 
" ( " -  2.1% 

(G) C2H 5 , 

c I 5H31 ADDUCT 
C17H36 4 5% C15H31 AODUCT 

, CI?H36 0.8% 
2S. 

(G} PRODUCTS 

(G) C15H31" 

FIG. 6. Diagrams showing the relationship of yields of radiolysis 
products to their putative precursors. Dashed line, G-value for free 
radical precursors; solid line, G-value for total derived products -- 
represented as areas of the enclosed circles. Relative contributions 
of each compound shown as pie sections. 
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than the estimated G-value for the pentadecyl radical pre- 
cursor. It is apparent, therefore, that another process must 
exist by which pentadecyl radical is formed in addition to 
dissociation of  acyl and acyloxy radicals. 

The principal mechanism by which ethyl palmitate radi- 
cal anion formed by electron at tachment is dissociated 
when discharged is presumed to be by formation of palmi- 
tic acid and the ethyl radical. A possible alternative path- 
way for dissociation is by formation of pentadecyl radical 
and ethyl formate. 

+11 + 

C I s H 3 1 ( ~ O O C 2 H s  - -~ C l s l 1 3 1 "  + I I C O O C 2 H s  [61 

This reaction may account for the pentadecy radical needed 
to form the excess pentadecane. Mass spectrometric deter- 
mination of volatiles in the 30 C sample showed the pres- 
ence of an amount  of ethyl formate corresponding to a G- 
value of 0.05. This gives a revised value of G = 0.41 for pen- 
tadecyl radical (vide supra) and a new balance of pentadecyl 
radical vis ~/ vis pentadecyl derived components  (G = 0.44). 
These values show a percent difference of 7.0 and are the 
values depicted in the piechart in Figure 6. 

In the case of the sample irradiated at -45 C the dis- 
crepancy is obviously much larger. Since a reliable deter- 
mination of ethyl formate in the -45 C sample is not avail- 
able, it is not  known at present if a lower temperature favors 
the dissociation of ethyl palmitate radical anion toward 
pentadecyl radical and ethyl formate vs palmitic acid and 
ethy,1 radical. The excess pentadecane and related derivatives 
ws a v i s  postulated pentadecyl radical, however, tends to 
support the conclusion that more pentadecyl radical is 
formed than can be at tr ibuted to dissociation of acyl and 
acyloxy radicals. 

Several other compounds were observed among the radio- 
lysis products which indicate alternative pathways to the 
principal routes described above. The formation of  butyl  
palmitate in solid ethyl palmitate has been described pre- 
viously (vide supra). Corresponding compounds resulting 
from/3 cleavage of  the ethyl palmitate are tetradecane and 
ethyl acetate (see Fig. 5). These were found to have G-values 
of 0.01 and 0.02, respectively. Some of  the tetradecyl radi- 
cals formed from the cleavage appear among the radiolysis 
products in the 30 C sample as the adduct,  ethyl c~-tetra- 
decylpalmitate (G = 0.02). A small amount  (G = 0.01) 
of  ethyl acetate was found among the volatile components  
of the irradiated solid ethyl palmitate, but  no tetradecane 
or tetradecyl adduct was observed in the corresponding 
chromatograms. 

One of  the more abundant  radiolysis products is tetra- 
decene, G = 0.08 (30 C). This compound cannot be regard- 
ed as resulting from disproport ionation of tetradecyl free 
radical, since it is found in substantially greater abundance 
than tetradecane. Moreover, bimolecular reactions appear 
not  to be favored in the system since recombination prod- 
ucts such as octacosane and triacontane are barely detec- 
table. No mechanism for the formation of tetradecene (and 
related C_ ~ alkenes among radiolysis products) has been 

�9 11.-I 
sausfactorlly adduced from product  analysis or other 
methods such as ESR, although a McLafferty type rearrange- 
ment  (analogous to mass spectrometry) of a positive ion 
intermediate has been postulated (34). Evidence for the 
fate of the resulting counter oin, however, has not  been 
given. It seems likely, however, that discharge of the coun- 
ter ion would yield ketene and ethanol. 

H I " - - - " ~ 6 .  
I II 

C~2 H2sCH-CH 2 -CH 2 -C -O C 211 s 
Otl* 
I 

C~H2s CH=CH a + CII 2 = C- 0 C2Hs [71 
~e 

CII 2 ~ C = O + t l O C 2 H  s 

Although a small amount of ketene was found in this 
study, the yield could not be determined with sufficient 
accuracy to verify the postulated mechanism by material 
balance. The hypothesis that Cn_ 2 alkenes are expulsion 
compounds is supported by the fact that no radiolysis prod- 
ucts are found which suggest the existence of an alkenyl 
free radical in the system. A follow-up study in which the 
volatile compounds are determined by gas chromatography 
rather than direct mass spectrometry as employed herein 
might provide results with the required accuracy to resolve 
this question. 

Most of the mechanisms postulated (vide supra) for the 
formation of the observed products are supported by the 
excellent quantitative agreement of the yield obtained with 
the putative precursors. A final summation of the G-values 
corresponding to the various reaction pathways is given in 
Table II. 

The principal reaction is clearly electron at tachment  
yielding mainly pahnitic acid. Reactions of  the correspond- 
ing positive ion intermediate are discerned mainly through 
secondary processes, i.e., formation of the ethyl palmitate 
radical (by deprotonat ion)  or of an excited state ethyl pal- 
mitate (by electron capture). The other significant path- 
ways, therefore, leading to radiolysis products are acyl and 

TABLE II 

Summary of G-values for Reaction Pathwaysa, b 

Transient Correlative 
Pathway species compound G-value 

Hydrogen atom dissociation H* Hydrogen 2.17 
Electron attachment Epo" Palmitic acid 0.9 
s-abstraction EP* Ethyl palmitate adducts 1.54 c 
Acyl dissociation RCO. Ethanol 0.25 
Acyloxy dissociation RCOO. Carbon dioxide O. 18 
Positive ion dissociation EW Tetradecene 0.08 
Beta cleavage R'* Tetradecane 0.01 

aSee Figure 5. 
bData for 30 C. 
C2(EP)a + EPR. R' 
EP = ethyl palmitate; R = CIsH31 ; = C14H29. 
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acyloxy  dissociation of  the exci ted state molecule ,  and 
adduct  fo rmat ion .  The e thyl  palmita te  radical obta ined by  
hydrogen dissociation, posit ive ion depro tona t ion  or hy- 
drogen abstract ion by o ther  free radicals generated in the 
system yields a significant amoun t  of  adduct  compounds  by 
recombina t ion  with like radicals (dimerizat ion),  or with 
various alkyl radicals (ethyl  ~-alkylpalmitates).  Only small 
amounts  of  products  f rom cleavage or posit ive ion dissocia- 
t ion are found,  and the  products  o f  b imolecular  react ions 
such as d i spropor t iona t ion  and recombina t ion  (except  for 
the p redominan t  e thyl  palmita te  adduct  fo rmat ion)  are of  
low abundance.  

The data, unfor tuna te ly ,  do no t  accoun t  quant i ta t ively  
for the fate of  the ethyl  palmita te  radical. Considering the  
relationships involved as fol lows:  

and 

EP ~ EP. + H. 
H- + EP ~ EP- + H 2 

2EP > 2EP.+ H 2 
G(EP-) = G(H-)=G(I/~H2)=2G(H2) 

= 2 • 2.17 = 4.34 
[al 

E P + R .  ~ EP. + RH 
G(EP-) = G(C2HsOH) + 2G(CO~) [b] 

= 0.25 + (2 • 0.18) = 0.51 

where EP = ethyl  palmita te  and R = C2Hs ,  ClsH31 and 
CtsH3tCO 

.'. E G ( E P ' )  = 4.85 [a & b] 
(The reader may satisfy himself,  since G = #moles /g /Mr,  
that  G( �89 = 2G(H2) f rom the ident i ty  /.tg/1 = 2 / / g / 2 . )  

The e thyl  palmita te  radical is Seen to decay by three 
observed pathways:  

G -- 0.~.....4~ EP + EP: 1 (c~,/3) disproportionation 
2 

E P G ~ - - ' ~ ' -  (EP) 2 dimerization 
G = 0.14 

EP. + R = EPR adduct formation 

where R = C2Hs ,  C14H29 and C15H31 
Y. G(EPproducts)  = 1.54 

Al though the ethyl  pa lmi ta te  alpha abstract ion radical 
is one of  the p redominan t  moiet ies  in the system, o n l y  
about  one third of  it can be accounted  for  by the observed 
products.  Since there are no unident i f ied  compounds  
among the  componen t s  separated by  GC, it is diff icul t  to 
speculate on the nature  of  al ternative pathways.  

Considerat ion of  the fate of  the various transient  inter- 
mediates  (EP] +, EP ' - ,  E P ' ,  EP*) present  in the system sug- 
gests that  they  may  react  to regnerate e thyl  palmitate .  ESR 
studies have shown tha t  the  abstract ion radical does no t  in- 
crease linearly with dose as do radiolysis products ,  bu t  
rather  reaches a steady state concent ra t ion  above ca. 6 
Mrad (J.W. Halliday, private communica t ion) .  Some specu- 
lat ion has been given to the possibil i ty of  the discharge of  
EP- by capture  of  an e lectron to form the carbanion fol- 
lowed by p ro tona t ion  to yield ethyl  palmita te  (I.A. Taub, 
private communica t ion) .  It is no t  possible to elucidate such 
mechanisms by  produc t  analysis, but  ESR studies may  pro- 
vide fur ther  e lucidat ion of  the mechanisms involved. 

The overall material  balance achieved in this s tudy indi- 

cates that  all the  significant compounds  have been identif ied 
and that  it has been possible to account  for the  dis t r ibut ion 
of  energy. 
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